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Here we report on the preparation of transparent and flexible polymerized graphite oxide, which 
is composed of carbons with sp"^- hybridized orbitals and a non-planar ring structure, and which 
demonstrates dispersion in its dielectric constant at room temperature. This frequency dependence 
renders the material suitable for creating miniaturized, flexible, and transparent variable capacitors, 
allowing for smaller and simpler integrated electronic devices. We discuss this polarizability in terms 
of space charge effects. 



The development of micro- and nano-electronics en- 
abled the revolution of modern devices. Much effort 
has gone into the synthesis and understanding of non- 
volatile ferroelectric materials, as they hold the key for 
overcoming the ageing problems of devices such as fer- 
roelectric random access memory (FRAM) [2|-0| • Di- 
electrics have also been the subject of extensive study. 
The system with the lowest dielectric constant deter- 
mines miniaturizability[5], as it separates the conducting 
wires and the transistors. On the other hand, gate insu- 
lators need a high dielectric constant to reduce leakage 
current and therefore power consumption[6j. However, 
there has been limited research on materials with variable 
dielectric constants, despite the large potential impact a 
robust microvariable capacitor would have on microelec- 
tronics. Conventional variable capacitors are tuned with 
mechanical or electrical volume changes and are therefore 
relatively large. 

An attractive method for creating materials with vari- 
able dielectric constants is to exploit the phenomenon 
of space charge. Space charge is usually induced in in- 
sulating materials with a layered structure. Graphite, 
though layered [Fig. 1(a)], is conductive. It is com- 
posed of carbon atoms with sp^-sp^ bonding, different 
from allotropes like diamond which are made up of sp3- 
hybridized carbon. To increase an amount of space 
charge in graphite, it must lose its conductivity by ox- 
idation and chemical groups must be formed on its sur- 
face. If graphite is oxidized in air, it decomposes into 
carbon dioxide. However, with carefully controlled syn- 
thesis, it can be oxidized into an insulating, dark brown 
graphite oxide [3, 0). Although the precise structure is 
debatablejsl, Isl, it is generally agreed that graphite oxide 
has epoxy (-0-) and hydroxy 1 (-0H) groups and it con- 
sists of sp^- and some sp^-hybridized carbon [Fig. 1(b)] 
which causes distortions in the layers. Both the epoxy 
and hydroxyl groups and the distortions can induce space 
charges between the layers. More space charges are in- 
duced between the layers after epoxy groups are decom- 
posed in graphite oxide [Fig. 1(c)]. Since carbons bonded 



with -OH and -ONa groups have sp^-hybridized orbitals, 
the change of the orbitals from sp^ to sp^ causes the dis- 
tortion and leads the sample to have a nonaromatic ring 
structure like cyclohexane [Fig. 1(d)]. Figure 1(e) shows 
the schematic structure of the sample which is made up 
of nonaromatic rings of carbons and is totally different 
from diamond despite the fact that both of them consist 
of carbons with sp^-hybridized orbitals. 

In this experiment, graphite oxide samples were pre- 
pared by the Brodie process, in which 5.0 g of graphite 
is added to 62.5 mL of fuming nitric acid. After cooling 
the mixture in an ice bath, 25.0 g of potassium chlorate 
is added slowly. After the mixture reaches room tem- 
perature, it is placed in a water bath, heated slowly to 
45 °C and kept at this temperature for 20 h. The mixture 
is then poured into 125 mL of cold distilled water and 
warmed to 70 °C, centrifuged, and decanted. Graphite 
oxide samples were obtained by being washed three times 
in this manner and dried overnight at 70 °C. 

Epoxy groups in graphite oxides are vulnerable to 
NaOH, decomposing into hydroxyl groups (-0H) and 
sodium oxide groups (-ONa). So, if graphite oxide is 
immersed in a NaOH solution, most epoxy groups are 
destroyed and it turns black. It starts to become flexible 
after 1 week when the polymerization is thought to occur. 




FIG. 1: (Color online) Schematic structure of (a) graphite (b) 
graphite oxide (c) NaOH-reacted graphite oxide (d) cyclohex- 
ane and (e) polymerized graphite oxide. 
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FIG. 2: (Color online) Characterization of thin-polymerized 
graphite oxide using FT-IR and XPS. (a) The FT-IR spec- 
trum from graphite oxide and polymerized graphite oxide. 
The epoxy group decomposes during polymerization, (b) Car- 
bon core-level XPS spectra of graphite, graphite oxide, and 
polymerized graphite. 




FIG. 3: (Color online) Sample pictures of graphite oxide, (a) 
NaOH-reacted graphite oxide; (b) thick-polymerized graphite 
oxide; (c) thin-polymerized graphite oxide on a transparent 
substrate; and (d) thin-polymerized graphite oxide on a flex- 
ible substrate. 



After 2 weeks, flexible graphite oxide film was obtained 
after being washed with de-ionized (DI) water and dried 
in the air. The film is flexible and plasticlike. It dif- 
fers from powders in that the film is wholly connected. 
For these reasons, we believe it is a polymer although 
the mechanism of the polymerization is not clear. The 
thickness of the film can be controlled by changing the 
concentration of graphite oxide in the NaOH solution. 
For example, if 0.01 g of graphite oxide is immersed in a 
NaOH solution and is transferred to 25 mL of DI water 
after being washed with the same, it forms a substrate 
approximately 1pm thick. However, if 0.1 g of graphite 
oxide is transferred to 5 mL of DI water, the thickness of 
the film is ca. 0.1 mm. 

To characterize the structure of the samples, we used 
a Thermo Nicolet Avatar 360 Fourier transform infrared 
(FT-IR) spectrometer. Figure 2(a) shows the FT-IR 
spectra of graphite oxide and polymerized graphite oxide. 
Four main peaks have been identified, centered at 1050, 
1380, 1650, and 3470 cm'^ The peak at 1050 cm'^ repre- 
sents epoxy groups while the presence of hydroxyl groups 
is confirmed by the broad peak at 3470 cm"^, denoting C- 
OH stretching. The peak at 1380 cm"^ corresponds to a 
CO vibrational mode whereas that at 1650 cm"^ repre- 
sents ketone groups which have localized tt electrons. It 
can be seen that most epoxy groups decompose in re- 
action with NaOH and the peak intensity at 1380 cm~^ 
increases as a result of break-up of epoxy groups to hy- 
droxyl groups. 

To investigate the electronic structure of the sam- 
ples, x-ray photoemission spectroscopy (XPS) experi- 
ments were performed on the BACH beamline at Elettra 
in Italy. Figure 2(b) illustrates core- level carbon XPS 



data of graphite (99.99+% purity and 45 pm, Aldrich), 
graphite oxide, and polymerized graphite oxide. The 
peak centered at 284.6 eV is assigned to carbon-carbon 
(C-C) bonds in aromatic networks in graphite and has 
a well-known asymmetric line shape [10|- Graphite ox- 
ide has two peaks at 285 and 287.6 eV. The peak at 
285 eV is from carbon atoms with sp^-hybridized orbitals. 
The peak at approximately 287.6 eV originates from C-0 
which is bonded with sp^-hybridized orbitals |lll - [l5l |. Un- 
like graphite, most carbon atoms in polymerized graphite 
oxide have sp^-hybridized orbitals similar to diamond 
even though some carbon atoms in the sample have sp^- 
hybridized orbitals. 

Figure 3 compares graphite oxide, thick-polymerized 
graphite oxide and thin-polymerized graphite oxide. 
Graphite oxide is brown in color and is an insulator 
(FIG. 3(a)). Thick-polymerized graphite oxide is flexible 
and appears black (FIG. 3(b)) while thin-polymerized 
graphite oxide is transparent (FIG. 3(c)) and flexible 
(FIG. 3(d)). Furthermore, it can be grown on plastic 
substrates and transferred with ease, making it a poten- 
tial candidate for manufacturing flexible electronic and 
optical devices. 

The thickness of the polymerized graphite oxide on 
the transparent flexible plastic substrate shown in Figs. 
FIG. 3(c)-(d) was measured with a VEECO Dimension 
3100 atomic force microscope (AFM) in tapping mode. 
Figure 4 (left) shows the sample and substrate on the 
AFM sample stage. Since both the substrate and the 
sample are almost transparent, most of the shapes and 
contrasts shown are due to the sample stage. The left 
of each picture shows the substrate, whereas the right 
includes the thin-polymerized graphite oxide. The thick- 




FIG. 4: (Color online) Characterization of thin-polymerized 
graphite oxide using AFM. Sample pictures of thin- 
polymerized graphite oxide on a transparent flexible plastic 
substrate on the AFM sample stage with an optical camera 
(left) and an AFM image (right top). The thickness profile of 
the sample (bottom right) was measured along the white line 
shown in the AFM image. 



ness scale in the image (FIG. 4 (top right)) is 1.2 pm. 
The substrate is flat and the edge between the sample 
and the substrate is clearly visible. The scanning profile 
of the white line in the AFM image is shown in FIG. 4 
(bottom right), revealing a gradient at the edge of the 
sample. The thickness of the sample is approximately 
1 pm. 

To elucidate the low frequency charge dynamics, we 
performed low frequency dielectric spectroscopy. The 
sample was prepared with silver paste contacts on either 
side in a capacitative configuration, the impedance Z and 
phase angle Q were measured with an Agilent 4284 A pre- 
cision LCR meter, and the ac voltage of 0.1 V was applied 
to the sample of which thickness was 0.014 cm. Figure 
5(a) depicts the real part of the dielectric constant for 
the polymerized graphite oxide as a function of tempera- 
ture for different frequencies (from 77 to 500 kHz). When 
the frequency is 77 Hz, the value of the dielectric con- 
stant is approximately 230 at 293 K. It decreases rapidly 
as the temperature decreases for a given frequency. Be- 
low ~250K, the dielectric constant is less than 10 and 
is independent of temperature. The value of the dielec- 
tric constant decreases with increasing frequency. The 
frequency-dependent behavior of the dielectric constant 
is depicted in Fig. 5(b). At T=292K, the value of the 
dielectric constant is approximately 200 for the lowest 
frequency. At a given frequency, the value of the di- 
electric constant decreases as the temperature decreases. 
With the temperature fixed, the value rapidly decreases 
as the frequency increases and becomes constant above 
~10kHz. The dissipation factor (tan^ = ef/e^, where 
tj. and ti are the real and imaginary parts of the dielec- 
tric constant, respectively) is shown in Fig. 5(c). The 
peak of the dissipation factor appears around 273 K at 
lower frequency and is shifted toward higher tempera- 
ture as frequency increases. To examine the electrical 
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FIG. 5: (Color online) Electrical properties of thin- 
polymerized graphite oxide, showing (a) the temperature- 
dependence, (b) the frequencydependence of the dielectric 
constant, (c) the dissipation factor, and (d) the resistivity. 
The insets show enlargements of the higher temperature re- 
gions. The lines are guides to the eye. The arrows show the 
peaks discussed in the text. 



properties of the sample in more detail, we extracted 
the resistivity as a function of frequency and tempera- 
ture, as shown in Fig. 5(d). The resistance in Fig. 5(d) 
increases with temperature until it reaches a maximum 
and then it decreases again. The peak is shifted toward 
higher temperatures as the frequency is increased. This 
behavior is similar to that of positive temperature coeffi- 
cient resistance (PTCR) materials |16l - [l8] . At low electric 
field the dielectric constant of PTCR materials increases 
as temperature increases, and vice versa at high electric 



fields [16|, ll7|. Hevwang|l6l. Il7| and Jonker|18l Il9lj sug- 
gested that space charges are involved in the properties 
of the dielectric constant as a function of temperature in 
PTCR materials. We also can understand the tempera- 
ture and frequency dependence of the dielectric constant 
of the samples in terms of the space charge generated 
by charge-transfer from the carbon atoms to the oxy- 
gen atoms. Charge-transfer mainly depends on the elec- 
tronegativity of the atoms and the structure of the ma- 
terial. Since oxygen atoms have higher electronegativity 
than carbon, hydrogen, and sodium (the electronegativ- 
ity of carbon is 2.55, that of sodium is 0.93, that of hydro- 
gen is 2.20, and that of oxygen 3.44[20|, sodium and hy- 
drogen bonded with oxygen has positive charge (Na+ and 
H+) while oxygen has negative charge (0^~). As more 
hydroxyl groups and .ONa groups are produced between 
the layers of the sample, more charges are transferred 
to oxygen atoms and more charges are localized between 
the layers. As a result, the sample has a large number of 
space charges which we believe cause the dielectric dis- 
persion seen[2l|. 

In summary, we demonstrate the potentiality of room 
temperature dielectric devices from flexible and trans- 



parent polymerized graphite oxide. We propose that 
space charges generated on sodium and hydrogen atoms 
bonded with oxygen are the origin of the high dielectric 
constant at room temperature. The novel properties such 
as flexibility, transparency, and dispersion in its dielec- 
tric constant at room temperature show the enormous 
potential for replacing conventional (large volume) vari- 
able capacitors and for incorporation into mobile devices 
or flexible displays. 
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